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This report is concerned with the geometric configuration factor
for computing radiant interchange between opaque surfaces separated by
a nonabsorbing medium. The configuration-factor solutions available in
the literature have been checked and the more complicated equations are
presented as families of curves. Several new configurations involving
rectangles, triangles, and cylinders of finite length have been inte-
grated and tabulated. The various ~thoda of determining configuration
factors are discussed and a mechanical integrator is described. An
analysis is presented, in which configuration factors are employed, of
the radiant heat transfer to the rotor blades of a typical gas turbine
under different conditions of

The many advantages have

temperature and pressure.

INTRODUCTION

been evinced that would result from
increased operating temperatures for gas turbines. This increase would
require a greater amount of cooling if the use of nonstrategic materials
‘is continued. At the lower operating temperatures the steady-state
cooling requirements for the various internal components of the turbine
may be determined by considering the heat transfer due to convection only.
At the higher temperatures presently contemplated and at the even higher
temperatures that will ultimately be envisioned, radiation till cease to
be negligible and may well become the dominant mechanism. Since present
trends indicate cooling nonstrategic materials as the means of increasing
operating temperatures, it is important that the computation of radiant

. heat transfer be facilitated.

Unless a system is intention@ly designed to facilitate computation
of radiant heat transfer, this computation is, in general, a rather

.
involved operation. The engineer desiring to compute the radiant heat
transfer in a system such as a gas turbine is usually discouraged from
performing more than a cursory estimation because of the excessive-amount
of time involved in obtaining the configuration factors. The absorptivity ,
and emissivity of a surface are dependent upon composition of the surface}
nature and thickness of film or oxide layer, magnitude and form of surface

.
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2 NACA TN 2836

asperities, and temperatures of the system. SLce, in general, exact
lmowledge of these properties of the surfaces involvedln a particular
system in practice is not available, it is difficult to assign more
than an approximate value to the emissivity or absorptivity.

To make the analysis mathematically feasible it is common practice
to divide the system into zones, each of which is assigned a mean tem-
perature. In this manner the postulate of isothermal surfaces or zones
may be made. This latter simplification or idealization of the system
introduces additional errors in the results.

The equation generally used for computing net interchange between
two isothermal zones separated by a nonabsorbing medium is

.

The v&riable fl-2 is a function of the emissivities and absorptivities

of surfaces Al and A2 and of the configuration factors in which Al

or A2 are involved. (See appendix A for definitions of all symbols.)

Equations for f are given in the literature for a limited number of
simple systems (references 1 to 3). The emissivity and absorptivity
values may be obtained from tables such as those given in references 1
or 2. There seems to be no source that gives the configuration factor
for the comnonly used elements of the geometry found in engineering
structures. The present work leaves much yet undone, but it is hoped
that there will be enough readily available configuration-factorvalues
so that the time factor in radiant-heat-transfercalculations will be
greatly reduced.

In using this report it is suggested that the reader consult
appendix B, “Description of Configurations,”to identify the geometry
in question. That appndix gives the number of the figure in which
the configuration factor is plotted. Configuration factors are given
as a function of two or more parameters that are dimensionless ratios
of significant lengths. These parameters are defined for each configu-
ration in appendix B. The curves cannot be read so accurately as some
of the points have been calculated. Therefore, if greater accuracy is
desired, tables 1 to 14 should be consulted. The more complex equations
are given in appendix C. An approximate analysis of the net radiant
heat transfer to the rotor blades of a gas turbine is presented in
appendix D. Configuration factors from the main text are employed in.
this analysis as necessary.

.
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.

No attempt has been made to fix the credit for the integration of
each of the configurations listed. Many of the publications are cited
(references kto 25). However, some tiportsnt ones may have gone
unnoticed. The configurationsnamed L-2, A-2, P-9, L-3, and L-4were
integrated for the first time by the present authors. All equations
used herein were integratedby the present authors to insure against
printing errors in the literature.

The equation.for configurationA-2 was too complex to make calcu-
lation practicable; consequently, these values were computed by the
numerical integration of L-2. Configurations L-3 and L-4 were also
obtained by numerical integration.

The factor discussed in this paper has been called variously angle
factor, shape factor, and configuration factor. The first name, angle
factor, does not adequately describe the factor in question. The second,
shape factor, has been consistently used in the literature as the name of
the geometric factor in heat conduction. Because conduction and radiation
often occur simultaneously and because shape factor has a unique meaning
in heat conduction it appears that the geometric factor for radiation
should be differently named to avoid confusion. The use of configuration
factor is recommended since it has already been used many ttie.sand since
it i~ adequately descriptive. The authors wish to acknowledge that the
ative discussion and recommendation came to them from Dr. G. A. Hawkins
of Purdue University. Many of the references were brought to the authors!
attention by Dr. W. L. Sibbitt. Dr. J. T. Agnew assisted with the cal-
culations in appendix D.’

This work was conducted at the Purdue University Engineering
Experiment Station under the sponsorship and with the financial assist-
ance of the National Advisory Committee for Aeronautics..

DEFINITION OF CONFIGURATION FACTOR

The configuration factor from Al to A2 written F12 is herein

defined as the fraction of the total radiant flu leaviu Al tkt is

‘incidentupon A2. The configuration factor from a plane point source

(point confi&ration factor) is obtainedby integration over A2 while

the mean configuration factor from a line source or a finite source is
an average of the point configuration factor over the line source or
finite source, respectively. The configuration-factoris-a fraction
that is a function of the geometry of the two surfaces; it also depends
on the directional distribution of the radiation from the source. For
the present discussion let a directional distribution function D(e)
be defined as follows:

D(e) = I(e)/Im

.
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where I(e) is the intensity at the angle 19

to the plane point source) and Im represents

NACA TN 2836

[measured frm the normal ‘

the mean yal.ueof the

intensity definedby Im = W/x. Experiments (see reference 25) indi- b

cate that most engineering materials do not exactly follow Lambert’s
cosine principle (reference 26); this principle gives values that are
too low for polished conductors and too high for insulators at large
values of the angle 13. Iambert’s cosine principle states that the
function D(e) is a constant equal to unity and invariable with “G. “

The error introduced by using Quibert’s form of D in the calcu-
lation of radiant heat transfer has been assumed too small (in com-
parison with other calculation errors tolerated in practice) to warrant
the complications introduced by the use of a more accurate form of D.
Eckert (reference25) gives a m%hod for determining the configuration
factor when a non-kmbertian distribution is postulated. One could
integrate and tabulate configuration factors for the D functions
typical of nonconductors and conductors; this may become desirable at
some distant.future date.

The configuration factor may be defined as the ratio of the radiant
flux leaving a source that is incident on another surface to the total
flux leaving the source. The limiting values are then zero and unity.
After a form of the distribution function D is postulated, the con-
figuration factor becomes a purely geometric function.

From figure 1 and the definition of the configuration factor for
a radiating petit source dli~ and an intercepting area dA2, the
configuration-factoreq~tion is derived as:

1(01) COS el ml dKq,..-—

where ~, the solid

.

angle subtended

II%

‘by dA2 at dAlj is

cos e.
.

%= ‘r2 ‘

(1)

(2)



NACA.TN 2836 5

From equations (1) and (2) obtain ‘

dllp

For any two areas

that, if D1(cl)

Cos 131Cos 13?2CIAlIMP
dF~l.u2 = % (%)

Y&

Cos el Cos (32LiAldfq

‘U2-W = ‘2(G2) ~2

(la)

(lb)

dA1 and dA2 it follows from equations (la) and (lb)

and D2(62) are identical, the reciprocity the,orem,

equation (3), holds:

It is interesting to note that the reciprocity theorem fails when the
distribution f&ctions of the two surfaces are not identical. Thus,

“ the reciprocity theorem is not true by definition, as some references
have implied.

For
in which
tion (3)

The

the present work a Laibertian distributionwill be postulated
case D disappears from equations (la) and (lb) and equa-

4

applfes.

configuration factor ‘dA1-A2 from’ dA1 to A2 is obtained

by inte~ating equat’ion(la) over ~. . ‘

.“

J
Cos el Cos.ep dA2 ‘

. ml
A2 .m2 ,

(4) .

——.-——..—.— — -— —. .— .-——-—————



6 NACATN 2836

Similarly, integration of equation (4) over Al gives ‘A1-A2 from Al

to A2: “

AIFAT-An ‘ /’ ‘(3A, -An %

C06 81 COS ez dAl dfq

~2

CONFIGURM’ION FACTOF6DETERMINATION OF

Method of Mathematical Integration

(5)

In general, it is desirable to integrate the basic equation four
times to obtain the solution for the configuration factor in terms of
an algebraic equation that can be solved numerically for particular
values of the parameters. An example till illustrate the mthod. “

In figure 2 the geometry of configuration P-2 is shown. It is
desired to determine the configuration factor ‘dA1-A2 from the plane

point source dA1 to the finite rectangle A2. In figure 2 nl and

n2 are the normals to dAl and dA2j respectively; r is the length
of the straight line connecting the two differential areas; and (31 and

02 are the angles between r and the respectim normals.

From figure 2 the equations for cos 131, cos 132,and r can be
given in terms of the coordinates x’ and y’ and the constants @
and a.- These, when substituted in equation (4), give equation (6):

= (IA1Si112@ m hH ay’ dx’ dy’
‘lFdA1-A2 (6)

Y( 00 ~xt)2 + (Y’)2 + a2 - (2w$ .0s 0] 2I

.

.
0

.

——— —. ——— .
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A change to dimensionless variables will, in
integration. tit x = x’/a, y = y’/a, “M =

general,
m/a, and

simpMf’y the
H= h/a. Then

Integration,with respect to y yields

1

( 1

-1-

l+ H2+#- 2H Cos a)

(
c0s;,y2~m-l(j__@)+

x2+ sin@
,.

( 1}’‘%%% ‘
●

and integrationwith respect to x gives

. .

1

(7)

{ (i ) (fHcos @-1 - M

)

dAIF~l-~ ‘ & tan-lM + tin-l

1+H2 -2Hcos@ 1+ H2-2Hcos Q

.’ -

+ tan-l ( ]}Cos o

d===
(8)

+

–-— —- _— –..—.—— ———
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Refer now to figure 3(a) for the third integration (over the x-axis .

of Al):

‘dA1-A2 (
‘ F~l-A2t + F~l-A2’1

)
(9) “

Combining equations (8) and (9) and integrating with respect to x get:

{

2
‘dA1-A2 = + tan-lM+ ~ lo&

[

l+ H2+M2-2Hco,90 1(l+ M2)(l+H2-2HCOfIO) -

ah:O~a.-l~~~~Q)+

1(,g-~+ HCOS O-1

) (,

tin-l M

)

+
1+H2 -2HCOS0 1+H2 -2Hcos@

(.*)~n-l(,=)+*an-l(,=]] (lo)

It should be noted that, in equation (10), dA1 refers to a line source
.

of width dz and of length M, whereas in all preceding equations dA1

has pertained to a point source, both dimensions of which were of dif-
ferential order.

To accomplish the final integration it is desirable to cham?e
a new set of-dimensionless variables: Let N= h/m,
z = zt/m:

1-

i
().2 ts,.-l~+

‘dA1-A2 - ~
z sin%
— lo%

[(

22 22 - 1mzcos@+l+N’2)
z 2 (l+ Z=’)(Z2-21TZCOSO+N2) -

to
L = a/m, ad

r

+

+ NCOS O-Z tin-l

(i

1

)]

(lea)
Z2-2NZCOSO+N2 z2-2Nzcos@+#

— —
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Equation (lOa) refers to figure s(b). Integration of equation (lOa) with respect to z over tk
interval from O to L gives: F?

*

, s

‘A1-A2
([

“ii-v
( )(~Bil14+ ‘-
2

(
0 lJ2+L2) +L2ten-l N- LcOa o

)
+ N2 tan

L8in0

-yLi::: Q]+

lJ2sin20 ~o&

i’

~2

)(

1+#

)]

COB a

4 ()
+ L tan-l ~ +

N2 +“L2” - 2NL COS o 1+ I?2+L2-%cos0

,

N==’)+tan-’(l==d+“ino2sha~Q an-’

+

(u)

i I

I
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Eqution (11) is too complex algebraically to make numerical solution
of it practicable; for this reason the last integral was not solved and

.

the WilUeS for FAl_A2 (configurationA-2) were obtained by the numer-

ical integration of the values obtained for configuration L-2 from
.

equation (lOa). {

For the particular case of O equal to 90° the equation simplifies
to:

I?2 loge

[

If2(l+N2+ L2)

1})
(1 + N2)(B2 + L2)

(ha)

.

The labor involved in the first two integrations can generally be reduced
by use of Stokes’ theorem and vector calculus.

the
get
The

Methods of Determining “Point” Configuration Factors

Eased on Ihuble-Projection Principle of Nwselt

The following methods apply Nusselt’s geometric interpretation of
configuration-factorequation (reference 5) in one way or another to
configwation factors in which the source is a plane point source.
“point” configuration-factorequation is:

(4a)
.

In figure 4 it is seen that the solid angle ~ subtended by dA2

at dAl is

w=
Cos ea dA2 dlla‘=—

~2 r2

——- ——— .—— . —.. — .—.
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where dA2’ is the radial projection of dA2 on the surface of the

sphere of radius r. Also, dA2° = dll~’Cos 131;therefore, the con-
figuration factor is interpreted as:

Az”
‘dA1-A2 = ~ (12)

To recapitulate, let a hemisphere of radius r be constructed about
the plane point source dAl with the point source in the plane of the

base of the hemisphere. Let each petit on the perimeter of A2 be pro-
jected radiallyto the surface of the hemisphere, thence vertically
(parallel to the normal to dAl) down to the base of the hemisphere.

The ratio of this projected area A2° on the base of the hemisphere to

the area of the entire base of the hemisphere is the destied “point”
configuration factor from dA~ to A2.

Drawing-board solution.- By the ~thods of elementary descriptive

geometry the point cotiiguration factor can be obtained by projecting the
various points on A2 to the base of a hemisphere constructed about the
radiating point source. Simple geometry such &s in configurations P-3
and P-4 (appendixB) may be solved quickly by drawing-board projection.

Transit method.- If the desired configuration factor is associated

with a relatively large structure atieady built, the point configuration
factors can be obtained by using a surveyor’s transit with an elbow-
telescope attachment to permit vertical shots. If G represents the
angle in a vertical plane (measured from the horizon) and IIIrepresents
the angle in
and readings
perimeter of
will give an

the horizontal plane (measured from some arbitrary place)
are taken of these angles for strategic points on the
the intercepting area, then a plot of cos% against @
area that is proportional to the configuration factor.

~rojection method of Eckert.- The optical projection method
of Eckert (reference 27) employed a point light source situated in the
center of the base of a milk-glass hemisphere as shown in figure ~.
Paper models were suspended by small wires from the base. The models
cast a shadow on the milk-glass hemisphere. Photographs were taken at
a great distance from the hemisphere. The area of the image of the
shadow on the film divided by the area of the image of the hemisphere
was a measure of the configuration factor from a point source at the
center of the base of the hemisphere to the paper model. Excellent
results were obtained with this apparatus.

— . _ ———— ___ — —____ _.. _
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Mechanical integrator.- The first mechanical integrator w= designed
.

by Hottel (reference 28). To operate this apparatus a telescoping pbinter
was caused to trace the perimeter of a scale model of the intercepting >

area while a scribe traced the projection on the paper. The configura-
tion factor was determined by planimetering the area. Cherry, Davis, and
Boelter (reference 29) designed a more elaborate mechanical integrator
which was similar to Hottel’s instrument with the exception that the
pointer was replacedby a light beam which was caused to trace the perim-
eter of the model in a semidarkened room. An integrator that is similar
but smaller than that in reference 29 was built at the NAC!ALewis Flight
Propulsion Laboratory. Another mechanical integrator was designed at
Purdue University (figs. 6 and 7) that employed a different ty-peof -
mechanism. It consists essentially of a parallelogram linkage with an
optical system. The cross hairs of the telescope are caused to follow
the perimeter of the model of the intercepting area and the resulting
projected area is traced on the paper by the scribe. The precision is less
than 1 percent. This integrator was used to check various points on the
curves given h“ this report.

Photographic Methods

Jakob and Hawkins (reference”30)have develowd a method in which
the model of the”intercepting surface is covered with photographic film . “
and the interchange of thermal energy is replaced by the emission and
absorption of light. Area sources-may be used with this technique. The
effect of an absorbing gas can be imitated by filling the cavity with a
light-absorbingmedium. .

England and Croft (reference31) employed a similar method.

Approximation Method

The approximationmethod consists of subdividing the intercepting
area into a number of finite areas; for any particular area the finite-
difference form of equation (3) is used:

Cos (31Cos 62 AQ
%A@A2‘ 3-(Z.2

(kb) -

The radius r is computed as the distance between the centers of the”
two areas dill and Ak2, and the angles are measured between r and .

.

.
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the respective
the A42~s is

normals. The sum of the
an approximate value of

can be attained depending on the number
subdivided.

configuration

‘dA1-A2“

u

factors to all
desired accuracy ~

of times the area A2 is

Determ&tion of-Mean Configurateion Factors

Methods based on the projection principle of Nusselt can be used
only to obtain point configuration factors. Let ii be assumed that the
point configuration factors from the various points on the triangular-
shaped area (fig. 8) to some intercepting area A2 have been deter-
mined as:

F
la-A2 = 0“1

‘lb-A2
= 0.2

‘lc-A2
= 0.07

The first operation involves obtaining the

Fa-A2 = 0.25 .

‘2b-A2
= 0.45

F
2C-A2

= 0.1

mean configuration factor for
various line sources loqated at a unique value of x.- Using Simpson’s
one-third rule, one obtains 0.162 and 0.358 for the mean line-source-con.
figuration factors F(x/L) at values of x/L equal to 0.5 and 1,
respectively.

The mean configuration factor IA1-A2 is-found by:

1 JFA1-A2 = A7 Al F(x/L) ti
...-

but dA = 2hL(.x/L)d(x/L). - ‘ - - - -

Thus

1

‘Jl-
.+

(x/L) F(x/LjJd(x/L) ~FA1-~ = 2. ~ \ .
. ..

. .

.
.

. -.

. .

.-

—— —-+- _.— —.—. ——— _ —....—- .—
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III figure 8 the values of 2(x/L)F(x/L) are plotted against “x/L.
!,

The area under the smooth curve drawn through these points is equal
to &&*

In.a system composed
tion, written for the pth
because of the definition

Thus,
other

GEOMETRIC FLUX ALGEBRA

ofn. “isothermal” zones, the following equa-
surface, applies to each of the n surfaces
of the configuration factor:

n

E FAp_Ai = 1
i=l

when n - 1 configuration factors for
may be determined from equation (13).

LamBert’s form of
theorem applies:l

.

(13)

a given area are known, the
Also, because of the use of

the directio&l distribution f~ction, tke reciprocity

For the system under

tion (13) can be written,

AlF12 =A#?~ (14)

discussion, n equations of the form of equa-

and * n(n - 1) different forms of the reci-

procity equation (equation (14)Y exist. If none of the n surfaces are

(
reentrant i.e., F~=F22=F33 ...= O), then only ~ (n - l)(n - 2)

configuration factors must be independently determined, say from curvas;
the remainder are quickly obtainable by use of equations of the form of
equations (13) and (14) mentioned above. If i of the n surfaces are
reentrant, the above nuniberof independent configuration factors is greater
byi-1.

This section gives simple rules whereby the usefulness of some of
the configurationfactors can be extended.

lHere”bfter,for brevity of notation, when the magnitudes of the source
and intercepting areas are otherwise apparentl FA1.A2 will be written .

F12.

.
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.

The association of some physical concept with a function usually
decreases somewhat the apparent diffic~t~ in its use= A fictitio~ .
system will be created for the one purpose of permitting the AIF~

product to assume the role of a flux. The radiant flux ~~ represents

the radiant ener~ (in Btu/hr) leaving Al incident on A2. Since the

configuration factor is a purely geometric function, let a fictitious
system be postulated (used only during the process of determining con-
figuration factors) in which each surface is an isothermalblack body at
a temperature such that the emissive power W is equal to one British

thermal unit per hour per square foot. The general equation for the
flux @v fr-&n-A1 to

For

the

this system equation

geometric flux from

A2- is given by equation (15):

dla = W1A1F12

qa= (l)A~F~2

(15)

(16)

(15) reduces to equation (16), where G12 is

Al to A2 and is numerically equal to”the

product A1F12. By deftiition of the system the second law of thermo-

dynamics requires that G12 = ~. This is the reciprocity theorem. Jn

a composite system the geometric fluxes follow .thelaws of aritbmetic:2

‘(12) (3k). = ‘(12)3 + G(lzw

.-
.

= ‘1(34) + ‘2(34) ‘

‘%3+ %4+ G23+G24 ‘
(17)

In figure 9 the rectangles Al, A39 ~~’~d Ag ~ l~ca$e$
by the values of the various xl’ &d yl ~oordinates a, b, C,

21D the composite.system’notation G(W) (3k) m&s the G from the

area (Al + ~) to the area (A3 + A4) and %(34) means the G from the ~

area Al to the area (A3 +%).
“. . .

—.—— —–.---—-.——--— - —-— —— —— ..—
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I

and S0 forth. The identical and directly oppoBed rectangles Al’, A3r) and ao forth &e the

projectioma of these areas on a parallel Plane with the distance between planes of z units.

It is desired that the configuration factor
‘%-%’ (F19’)

be determined as a function of

configuration f~ctora of the type of configuration A-1.

The equation for G191 iS:

1’
Because of ’the symnk?try of the integrand of theBe equations, it follows that:

‘w = ’37’ E ’91’ -’73’

I =/
Application of the reciprocity theorem will add foux other geomtric fluxes to this identity.

N
With these expressions end flux algebra one get6 ~gr in terms of G’s, each of which ia E

m

.
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. of the type of configurationA-1. To shorten the notation, let

‘(12345)2 = ‘(12345)(1’2’3’4;S’):

{

~G
’19‘ = 4 (1-23456789)2 [

- ‘(125678)2 + ‘(23J@9)2 + ‘(456789)2 +

1[‘(123456)2 1+‘(1256)2 + ‘(2345)2 + ‘(4589)2 + ‘(5678)2 +

[ ‘(456)2 1[+ ‘(258)2 - ‘(25)2 + ‘(45)2 + ‘(5/3)2+ G(56)4} (19)

Since G191 =AlF191j G(2345)2
(

=A2+A3+A4+AF
5) (2345)2) and so

forth, these substitutions should be made to solve for F191.

In a similar manner the followbg expressions are obtained:

G12t
[

=“~ G
2 (12)2 -,Glp - G2]

(20)

’15‘ [
lG

= ~ (1256)2 1‘G12+G#+G52+G62 -

.

[

~G
4 (12)2 + ‘(16)2 + ‘(25)2 + G(56)3

In figure 10 it is easy to get:

GIGt = ‘(16)6’ - ‘6&

(21)

(22)

——.—. . . .—— — ....———. ———
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0)

Gll~ =G(16)(1’6’) - ql@61 - G6(lf61) + G66!

The Gta in the right members are all of the form of configuration A-2.

Further extenaione require an Identity such .as.those obtatied pretioualy. In figure 10

I

I

)

A“gain, because of symmtry of the integrand,
I

~ The folloting equationa can now be

%3’ = ’31’ = ‘3’1 = %’3

obtained:

’65 [
lG 1‘=~ (56)2 - ‘5Z -’62

.
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.>

.

(

G
13‘ [

lG
‘~ (E3456)2 - ‘(2345)2 - ‘(u56)2 + ‘(456)2 -

‘(456 )( P2’3’4’y6’) - ‘( M3456)(4’5’6’) + ‘(1256 )(5’6’) +

‘(2345)(415’) + ‘(56)(112~5f6T) + ‘(45)(2!3?4~5t) +

1‘(25)2 - ‘(25)5t - ‘(56)2 - ‘(45)2 - ‘5(2~5f ) + ’52 (26)

In equations (19) and (26) the error in the result, G
19‘ ‘r ’13”

may be many times the error in reading the curves. These equations
should therefore be used with caution. The use of an accurate interpola-
tion formula and the tabulated values of the configuration factors will
give sufficient accuracy to make equations (19) and (26) practicable.
The approximation method is al,waysapplicable when other devices fail.

Purdue University
Lafayette, Ind., August 13, 1951

—— ——— .—_. . — -— .——
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A

}

a,h,i,k,
mjnJp

D(6)

e

‘l-2

‘l-2

’12
H

hc

hr

I(f3)

L

M,N

~

r

T

v

Ii

APPENDIX A

SYME-OIS

area, square feet

constants

directional distribution function

surface emissivity

Lsmbertian geometric configuration factor from surface Al
to surface ~

factor accounting for effect of geometry aid emissitity of
solid surfaces and gases contributing to net radiation
between Al and ~

geometric flux from Al to ~, Btu per hour

constant

convective-heat-transfercoefficient, Btu/(hr)(sq ft)(~)

equivalent radiant-heat-transfercoefficient,
Btu/(hr)(Sq ft)(9F)

areal intensity of radiation, Btu/(hr)(sq ft)(steradian)

constant; also mean besm lengbh, feet

constants

rate of net heat transfer, Btu per hour

length variable, feet

static temperature, % or % absolute, whicheier is
applicable

gas volume, cubic feet

emissive power, Btu/(hr)(sqf%)

.
.

.

6

-.
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X,y,z

a

A

e,o

u

$
u)

Subscripts:

b

c

e

g

g,e

g,t -

g,t,ab

m

s

sh

t

x

.

●
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spatial variables, feet

surface absorptivity

symbol indicating small but finite part of

angles - -

Stefan-Boltzmann constant,

0.173x 10-81Wu/(hr)(sqft)(% abs.)4

radiant flux, Btu per hour

solid angle, steradian

rotor blade

casing

effective

gas

gas in

gas in

gas in
body

mean

stator

combustion chamber

tail cone .

tail cone with afterburner operating (this gas
begins 1 f% behipd rotor blades) ‘ ‘

. .
blades

rotor-blade shroud ‘ . .
. .

.
tail-cone surface

line source on rotor blade at a distance x from
leading edge

. .’. ..

\ . .
.

..
.’

.

\ . . .

\\

\.

— -——— .—— --——=—.—— - ..—— -—.—
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.

APPENDIX B
.

.
DESCRIPTION OF CONFIGURATIONS

The configurations described have been named so that it is obvious
that the source, or first subscript area, of the configuration factor is
either a plane point source (P-1 etc.), a plane line source (L-1 etc.),
or a finite-area source (A-l etc.’). The configuration factors are given
as functions of two or more parameters which are dimensionless ratios of
significant lengths and these parameters are defined herein for each
configuration. The configurationsare as follows:

Configuration P-1: A plane point source dAl and a plane rec-

tangle A2 parallel to the plane of dA1 (see sketch). The normal

to dAl passes through one corner of A2. The curves for this con-
figuration are given in figure 11 where

’12
is plotted as a function

of x and y with x = a/c and Y = b/c. The equation for F12 is

presented in appendix C and
in table 1.

the confi@ation-factor values are given

I
I I

.

ConfigurationP-2: A

tangle A2, the planes of

plane point source dill and a plane rec-

dAl and A2 intersecting at an angle @

(0° <0< 1800). The configuration-factorvalues are given in table 2

and the curves plotted in figure 12 for various values of 0, N,

b

.

. .—-—.———. — . —-— .— —————
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.

antl

for

L, where N = a/b and L = c/b (see sketch).
equation.)

A
/“wY/J-—-

/7~% /,, /

(See appendix C

/\ / /

Configuration P-3: A plane point source dAl and any surface A2
generated by an infinitely long line moving parallel to itself and to the
plane of dA1. (See accompanying sketch.) The configuration-factor

=*(COS e - Cos m)..equation is
’12

‘Y/’ //
I

\
I “T””

“’iL:’:L-l____‘..

Configuration P-4: A plane point source’ dAl and’any ’infinite

plane A2 with the planes of dA1 and A2 intersecting at an
angle (3,as shown in the following sketch. For this configuration.

Flz=+h+ Cos e).
& .’

..

.’.

\. .
\

-. . . . . .

.’ .\
.

. .—— . .
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.

Configuration P-5: A spherical point source dA1 and a plane

rectangle A2; the point so&ce is located at one corner of a rectangle

that has one common side witfi A2. The planes of the two rectangles

“intersectat an angle O (see sketch). The equation for this con-
figuration is given in appendix C and the configuration factor FE iS

plotted in figure 13 as a function of x and y where x = b/c and
y= ale.

Configuration P-6: A plane point source dAl and a plane circular
disk A2 (see sketch). The plane of dAl is parallel to the plane
of A2; the point source is located at a distance rl from the normal

to the center of A2. The configuration factor F12 is plotted in fig-

ure 14 for various values of E and D where E = r2/d and D = dlrl.

The equation for this configuration is given in appendix C and the
configuration-factorvalues are presented in table 3.

.

.

I

/l- -1-24$1
rlf

“

.

—
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Configuration P-7: A plane point source dAl and a plane disk A2,

the planes of 13A1 and A2 intersecting at an angle of 90°. The cen-

ters of A2

planes. The
.“termsof R

and dAl lie in a plane that is perpendicular to the -two ,

equation for ‘thisconfiguration is given in appendix C in
and D for R = r/b and D = a/b (see sketch).

Configuration P-8: A plane point source dAl and a right circular

z. The normal to dA1 passes through thecylinder A2 of length

center of one end of the
the cylinder (see sketch
plotted as a function of

cylinder and is perpendicular to the axis of
. In figure 15 the configuration factor is
D and L where D = d/r and L = Z/r.

~See appendix C for equation and table 4 for configuration-factorvalues.)

——

— —
- -

la

J?lL141

. —- — — .——.
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ConfigurationP-9: Two concentric
and length Z @th a point source aA~

cylinder at one end. The configuration

.
cylinders of radius r and d
on the inside of the large

factor FU is from the point .

source alll on Al to Al; Al does not include the ends of the

annulus. The equation for FU is given in appendix C in terms of D 0

and L with D’= d/r and L = Z/r (see sketch). The configuration-
factor values are given in table 5 and the curves are plotted in
figure 16.

Configuration P~lO: Same geometry as that of configuration P-2
with a triangular area added to the top of ~ (see sketch). For this

configuration N = a/b, L = c/h, and 8 = tan-l(k). The configuration

factor
and N
factor

is plotted in figure 17 as a function of L and 13 with O = goo

= o. The equation is given in appendix C and the configuration-
values are given in table 6.

./// ;

a
kk- c—y .

—
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Configuration P-3.1: Same geometry as that of configuration P-10
with the triangle reversed, as shown in the accompanying sketch, and
N= a/b, L = c/b, and G = tan-l(k). See appendix C for equation,
table 7 for values, and figure 18 for configuration-factorcurves with
@ =90° and N=O. ,

Configuration P-12: An infinitely long cylinder Al and an infinite

plane A2, mutually parallel (see sketch). For
N= n/r, and the configuration-factorequations

‘P1-A2 =;(l+ Cosa)

Fp2_A1 = /
N(N2-M2)

A

n

T P2

l––

A2

this configuration M . m/r,

are as follows:

———- — —__ __ .- —_ ._
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Configuration L-1: A line source dAl and a plane rectangle A2

parallel to the plane of dAl with dAI o~osite one edge of A2.
The configuration-factorvalues are given in table 8 and the equation
is presented in appendix C. Figure 19 is a plot of F12 as a function

of x and y where x = b/c and y = a/c (see sketch).

.

Configuration L-2: A line source dAl and a plane
which intersects the plane of dAl at an angle 0. The
factor is plotted in figure 20 as a function of N and
values of the angle O. For this configuration N = a/b

.

.

rectangle A2 .
configuration
L for various
andL= c/b.

(See appendix C for equation and table 9 for configuration-factorvaiues.)

.

.

..
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Configuration L-3: A line source dAl and a right circular cylin-
der A2, both of length 1; the normal through each end of the source
passes through and normal to the center line of the cylinder at the
ends. The configuration-factorvalues are given in table 10 and the
c“urvesplotted in figure 21 in terms of the parameters D and L,
where D = d/r and L = Z/r (see sketch).

l----z----l
I

A2

I
I I I

Configuration L-4: Two concentric cylinders of radius r and d
and length Z with a line source, or element, dA1 on the inside of
the large cylinder (see sketch). The configuration factor FU is

from dA1 to Al. This factor is plotted in figure 22 as a functioh
of D and L with D = d/r and L = Z/r. (See table 11 for
configuration-factorvalues.)

2 “’

—————

Configuration L-5 : Same geometry as that of configuration L-4 (see
sketch above). The configuration factor from dAl to either end can be
obtained from figures 21 and 22 and the equation

(b-F1l’-FE
)

‘al-one end = z

0

—.— — -— ..——
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ConfigurationA-1:
Al and A2, as shown in

NACA TN 2836

Identical, parallel, directly opposed rectangles @

the following sketch. The configuration-factor

values are given in table 12 end plotted in figure 23
parameters x and y, where x = b/c and y = a/c.
for eqwtion.)

in terms of the .
(See appendix C

ConfigurationA-2: Two rectangles Al and ~ with one common

edge and included angle o between the two planes. The configuration
factor is plotted in figure 24 as a function of N and L for various
values of 0. For this configuration N = a/b and L-= c/b (see
sketch). The equation for F12 is g+ven in appendix C and the

configuration-factorvalues are presented in table 13.

—.—.— — . .- .—.
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ConfigurationA-3: TWO rectangles Al and A2 in parallel planes
with one edge of Al parallel to one edge of A2 (see sketch). The

configuration factor
FM can be obtained from figure 23 and

configuration-factoralgebra.

#=--#——

ConfigurationA-4: TWO rectangles Al and A2 with one side
of Al parallel to one side of A2; the planes of Al and A2, inter-
sect at an angle & (see sketch). The configuration factor FM can
be obtained from figure 24 and configuration-factoralgebra.

/ ‘- i
//’- !

Configuration A-5: Parallel, directly opposed, plane
disks (see sketch). For this configuration E = r21d and

circular
D = dlrl.

.-.. ..——— _ _.—— -- —
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The values of FE are given in table 14 and the curves plotted in

figure 3 in terms of E and D. (See appendix C for equation.)
v

ConfigurationA-6: Same geometry as that of configurationA-5
(see also accompanying sketch). Using figure 25 and configuration-
factor algebra, one can obtain ’24 from the following equation:

ConfigurationsA-7 and A-8: ‘1%70concentric cylinders of radius r
and d, respectively, and length Z; Al is the inside surface of the

large cylinder, A2 is the outside surface of the small cylinder, and

A3 is one of the ends of the annulus (see sketch).

(configurationA-7) and Fll (configurationA-8) can

figures 21 and 22, respectively, with D = d/r and

The factors F12

be obtained from

L= l~r. (See

.

.

.

— .—
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also tables 10 and 11.) The f’actor F13 is obtained from the following
equation:

(F13.&l-F~- %)

All factors involved in the annulus cen be obtained from figures 21
and 22, configuration-factoralgebra, and the following equatiohs:

F31 = (A1/A3)F13

.F32= (%/43)%3

‘(+/A3):(’-Fd -

= ~ ~2/A3) - (AllA3)Flij

F33 = 1 - F31 - F32

k’1

Configuration A-9: Two parallel, concentric cylinders Al and A2
of radius rl and r2, respectively, and infinite length (see sketch)

SO ttit F12
/

= 1 and F21 = rl r2=

#
.—. . . —- —-————--—— .—-— .—— ~—.— — —.— ————
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ConfigurationA-10: Two concentric spheres Al and A2 of

radius rl and r2j respectively (see sketch). The configuration-

factor equations are F12 = 1 and F21 = (rllr2)2.

Configuration
an infinitely long
equation is

A-n: An infinite cylinder
rectangle of width 1 - m.

\
parallel to the plane of
The configuration-factor

F’~ = p(L - MUtul-qL/N) - tan-who’

where N = n/r, M = m/r, and L = Z/r (see sketch). For M = O, .

.

Fv = (l/L) ta.n-l(L/N)

%

“’$ A2

I

In
“1 I

.

‘

I

—. -—— —.....———
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APPENDIX C

CONFIGURATION-FACTOREQUATIONS

Some of the more complex configuration-factorequations are pre-
sented in this appendix. Each e“quationis given in terms of two or
more para~ters which are dimensionless ratios of significant lengths.
.These parameters are defined in appendix
are described And illustrated.

Configurateion

B where the configurations

P-1

/“

“Mm FM = y
x+ 4qG7 . “

*

.

Configuration P-2

Let v=
1

~and W= l+L sin Q

-2NLcos@

Then

%2’* { () [( )tin-l ~ + V(N .COS @ _ L) t~-lv + Y tan-l N - ‘Wcos o +

( ]}LCOSQ “tin-l w

.— . .... ---- _. -—. —.— ——— ————---’ —- -.———— —-- - .
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lim Fw=O
L~w

a

Mm F12 = ;(1 + Cos 0)
L+ O

lim F12 = O
N,-.

Configuration P-.5

For o = 90°,
.

“ F12 = ; tan-l

(+)

lim F12 = & t’n-ly
X+m .

.

. ..—
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Configuration P-6

where

x= 1 + (1 + E2)D2

.

Configuration P-7’

1+ R2+I?
-1

(l+ R2+#)2-4#
—

Configuration P-8 .

I& A=(D+1)2+L2 and B=. (D-1)2+L2
.,

Then

l-)+%w-li- -&@~~]

Fw=~tm

. .

Configuration.P-9 “
.,

- (y-4ti+i&-1)y+4q. ~.
. .

\

. .

.
.

.—.. ——____ _____ .._ .-—— ——— .—. . . . —
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Configuration P-10
,.

.

.

(k2 + 1)L2 Sti2@ + (N - L COS @)2

and

Then

~1 -~k2 + 1) + k(N - L COS 0)

A

[ 1}+%+-TC:s 0)+tan-l ‘(N- LCos ‘)
A

(t~-1 N 1)-Lcos@+k

B

For N = o and (3=900,

F12 = ~
[ ()

1 tin-l * -

,

(qk2+ltan-l L

&

Configuration P-n

Let

(k2 + 1)L2 Si112@ + (N + k - L COS Q)2

and

.— — —

.,

.
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T’hen

F12 = ( ()1 tan-l ~ +
% L

{[

Q~-ll- k(I?- 1L COS a) +
A A

[

tin-l k(N + k - L COS @
A T)

For N = O and $ = 90°, let C =

Then ,

Configuration L-1’ -

.

.

———.. ________ .—. . ___ .__. ——. ———_
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L2

-2NLCOSO+1+N2)7

Configurateion

L @ lo&

[

L2(L2

2 (1 + L2)(L2 - 2NLcos O+ N2fl -

Zl-
2. “+ an:%::o:ol +

Cos ‘“n-’(&l+
NCOSUI-L t=-l

(i

1

jL2 - 2NLCOSO+N2 L2 - ]2NEcos@+N2

lim F12 = O
L~

●

.

.
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Configuration A-1

41

Fw .-.&
{[
lo%

(1 + X2)(1+ y$

l+x2+-y2_ ()“2+Ymtin-’p +
1+X’

()l+y2 tan-1 x
{T$ }

- y tan-ly - x tan-lx

i

1
lim’FH= 1+ —-:

y+,x! X2

Mm F12”= 1
x+ m
y4 .

Configuration A-2

For @ = 90°,

( () (m)- i- .F-’(1+2)F12 = -& L tan-l ~ + N t~-l 1 +

——–. — -—. . . . . . —
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lim F12=0
L-OY

.

[ () 1 lo& (1 + L2),limm F12 = ~ tarl : + ~ - ~ 10*

(1

1+L2

L2

.

Configuration A-5

where

X=1+ (1+ E2)D2

.

.

.
. . .

.
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APPENDIX D

ANALYSIS-OF RADIATION TO THE

OF A GAS TURBINE

An approximate analysis is given of the

ROTOR BLADES
.

net radiant heat transfer
to the rotor blades of a gas turbine under different conditions of tem-

b perature and pressure. The rotor blades were postulated to be at a
temperature of ~0° F for the entire analysis. The analysis indicates
that at the lower gas temperature, 1600° F, radiation is apparently
negligible compared with convection, whereas at the higher gas tempera-
ture, 2~0° F, the relative effect of radiation is still not great but
is no longer negligible.

The postulates upon which this analysis,is based were established
in a conference with Messrs. H. H. EILerbrock and Jack B. Esgax and
Drs. E. R. G. Eckert and Thomas W. Jackson of the NACA Lewis Flight
Propulsion Laboratory.

,Introduction

At the present operating gas temperatures the heat transfer to the
rotor blades of an aircraft gas turbine due to radiation is not appre-
ciable compared with that due to convection. There are many advantages
to be gained from operating at higher gas temperatures and, if cooled
nonstrategic metals are to be used, it is desirable to know the effect
of radiation at those temperatures. Since the rotor blades are the
most critical item in cooling a gas turbzne, it was decided that the
available time could be most profitably spent by confining the analysis
to the rotor blades and their radiant environment.

The convective-heat-transfercoefficient ~ is defined by

/(hc=qATg,e-Tb
)

where Tg,e is the effectiw gas temperature and Tb, the rotor-blade

surface temperature. (See kppendix A for definitions of all symbols.)
The effective gas temperature is a function of the recovery factor and,
depending on whether one wishes to use the data for component design
or for correlating basic heat-transfer data, one of three recovery

—.-.— — ..——— —— —.— —— —--— — ——. .—
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factors may he employed - each of which gives a different value for ~.

The results of this analysis are given in the form of an equivalent
radiant-heat-transfercoefficient hr. The total temperature of the gas

in the combustion chamber was used as the effective ges temperature. The
reader can convert the ~ values given to more accurete ones by multi-

plying by the ratio of the temperature difference used herein to the
temperature difference containing the recovery factor of interest to
him.

Geometry.- The
J-35 gas turbine as

Definition of System

system to be analyzed is an idealization of the

depicted in figures 26 to 29. The stator-blade
system was postulated to be geometrically similar to the rotor-blade
system since drawings of stator blades were not available. Two analyses
were made, as follows:

(a) Radial analysis on a line source (the line being radial or
parallel to the length of the rotor blade and tangential on the hub and
shroud of the blade). The point configuration factors (for points
indicated in fig. 28) were obtained from the curves of this report for
points along ea”chline source; then the mean configuration factor for
each line source was determined by numerical integration. After the
line configuration factors were obtained (see fig. 30), these values were
associated with lines on a system of rotor blades in which the cross
section was identical with section C-C (fig. 28) from blade root to
blade shroud. This geometry was used for the analysis resulting in
figure 31.

.

.

(b) Gross analysis of radiation to the rotor blades in which the
blade system was represented by an equivalent blade area described by
constructing a solid ring of width equal to the blade length and of
thickness equal to the blsde thickness. The “ring” constructionwas
also used in the case of the stator-blade system. The effective emls-
sivity of these equivalent areas will be described later. The various
mean configuration factors were obtained from figures 21 and 22.

Numerical integration of fi~e 30 gives the following values:

‘b-s = 0.15, Fb-t = 0.19, and Fb-b = 0.66. The mean configuration

factors for the gross analysis as’obtained.fromthe curves are
.

Fb,e_s = 0.84 and Fb,e-t = 1. Other pertinent facts related to the

geometry are: Blade length, 3.55 inches; blade’circumference,
16.15 inches; actual blade area Ab, 19 sgure inches; and effective.

blade area, 2.7 square inches.

.

.
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Surface emissivities.- All metal s~aces were ~ostulated to be

with an emissivity of 0.7 (reference 1). In the case where the
stator blades were postulated to be ceramic an emissivity of 0.9 was
used.

The effective emissivity el,e of a surface Al which, because of

asperities, or systematic grooves, in the surface, can “see” itself and
has an actual area greater than its effective “areaas viewed from a dis-
tance is given by:

el
cl.=

.

where el is

not valid for

‘ in which each

the emissivity of

large angles from

(1-1 )- el Fu

the smooth surface. This equation is

the no-l to Al,e or for asperities

point cannot “see” all other points-on the asperity. The
blade system can be considered as a coarsely rough surface, but the
above equation does not apply. A more detailed analysis reveals that
the equivalent area of the blade system with an ‘1 of 0.7 has the
radiating characteristicsof a gray surface with an e of 0.85, trans-
mitting (by multiple reflection) ah-out0.1 and reflecting about.O.05.
For an el of 0.9 the yalue of .e~ e is 0.95. ‘

Y

Gas geometry.- The “mean beam length” or equivalent hemisphere

radius was computed by the formula (reference’32) ‘ .

L=3.6v/A ‘ ‘ ‘
‘.

where V is the gas volume, A,’the surface area, and L, the ‘man .
beam length.

Description of system.- The temperature and presstie conditions

and the composition of the products of combustion for the radiation
analysis were as follows: > .-.

.,..
.. . . .

.
.

. ., .. .
. .

.
.

. .

.’ .
. ..

..

. .
/ —.- .— ——. — —-. .-— -— ——
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Condition I II .

Gas temperature in combustion chamber, OF . . . . . . . . .
Gastemperature in tailbone, OF . . . . . . . . . ... . .
Gas temperature in taCl cone with afterbtiner
operating, OF...... . . . . . . ... . . . . . .=.

Water in combustion products, percent . . . . . . . . . . .
Water in combustion products with afterburner

operating, percent.. . . . . . . . ...=. . . . . .
Carbon dioxide in combustion products, percent . . . . . .
Carbon dioxide in codmstion products with afterburner
operating,percent . . . . . . . . . . . . . . . . . . .

Carbon monoxide in combustion products, percent . . . . . .
I&essure intailcone, in.Hgabs. . . . . . . . . . . . .
Rotor-blade temperature, OF . . . . . . . . . . . . . . . .
Tail-cone surface temperature, W . . . . . . . . . . ● . .
Stator-blade temperature, OF . . . . . . . . . . . . . . .
Turbine-wheel-casingtemperatm,e, OF . . . . . . . . . . .

1600
1200

3500
3.1

12.6
2.8

11.3
0

9%
1000
1200
11oo

300
1800

3500
7.0

14.0
6.2

12.5
0

165
900

1600
1200
1500

.

These conditions were also varied slightly as follows:

(1) Condition Ia: Same as condition I except that the stator-blsde
temperature was changed to 16000 F

.
(2) Condition IIa: Same as conditio~ II except for the following

changes:

(a) Stator material was ceramic with an effective emissivity
of equivalent stator-blsde area of 0.95

(b) Stator-blsde temperature changed to 2500° F

Discussion of Analysis
.

Because of the excess air the combustion efficiency in an aircraft
gas turbine is 90 percent or eater (reference 33) so that, in the
present report, the products of combustion were postubted to be non-
luminous and to contain a negligible amount of carbon monoxide. Gas
radiation from the space between the rotor blades and from the space
between the rotor blades and the stator blades was neglected because of
the small dimensions. In the determination of the composition of the
products of combustion the effect of heat loss from the combustion-
chamber area was neglected. For this reason the percent of radiating
constituentspostulated was probably too small.

Excellent treatments of presently available methods of calculating
radiant interchange are given in references 1 to 3. The reeder is

.

,.
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invited to consult these references for the details of radiant inter-
change. Only a sumary of the equationswed will he given.

The gas-radiation calculations are no doubt in error because of
the use of data valid only for a total pressure of 1 atmosphere. There
is need for such data at higher total pressures as well as for similar
data for luminous flames such as occur in the combustion chamber of a
gas turbine. Some luminous-flame data are available (references 34
to 36); however, they are not strictly-applicableto the present problem.

In the gross analysis of the blade using the effective blade area
and emissivity, equation (Dl) is applicable:

‘b,e 1’

[ ).

ag>t Th4 fg-%,e +
%,m=u—

‘b (Tg,e -
Tg,t4 - —

‘b) eg,t

(Tt4 _

()
(T3 - %4)fc-b,e & +

>
Tb4)ff-b,e + .

“

(‘gjt,ab4 )
b-b,e+(T$~ ~4)fs-b,~ (Dl)

- a~ %4 fg,t,a . . .

. ‘g~ab .

where
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‘g-b,e = ~ - ~
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. .

.’
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%,eet[l - ‘g,t) ‘
ft-b,e = ~ _ 1 .

(
- et FttUg,t)’(1 )
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1
‘c-b,e = ~ ~

—+—- 1
‘c ‘%je

‘g,t,ab-b,e = ‘g,t,ab,%,eag,t

[

‘b,e-g,t,ab +

Jl - et)(l - ‘b,e-g,tjab) 1‘t-g,t,ab

(1-1- %) ~g,t%t

The radial analysis ona line source along the blade (see fig. 31)
was computed from +-hefollowing equ6tion (equation (D2)). Equstion6 (Dl)
and (D2) may be derived by tracing the history of a ray emitted from the
source or sink involved.

uex

%,x=T

{

(TS4 - 4

(
‘x )es,e

g,e - Tb)
Fx-s +
-,

‘x-#’b-s(l ‘%}

1- (l-eb)Fb-b
+

( )[ 1‘x-bFb-t(l - %) f
Tt4- Tx4~ ‘x-t + ~

_’(l-~)Fb_b t-b,e+

.

(Tg,t4 - )[‘g>t TX4 e
g, t Fx-t +

‘g,t 1}‘x-#b-t(l - %) f t b e

1- (1 - %)Fb-b “ - ‘
(D2)

In equation (D2) the effect of afterburning was neglected; this
analysis was used only for condition I to obtain an approximation for
the distribution of radiant flux over the blade. The numerical inte-
gration of this result over the blade surface added to the net flux
between the blade shroud and the casing agreed with the same calcuh-
tion by the gross-analysismethod to within 10 percent.’

,
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Results

The results of the analysis are presented in the following table:

Heat flux to rotor blades from
.

sources indicated
(Btu/(hr)(sqti of blade)

Condition

I

Ia

II

IIa

.il-coneTail-cone Stator
gases surface blades

40 265 625

40 265 2,210

340
I

2050
I

625

340 mjo 16,500

The effective gas temperature used in
condition I and’2n@ F for condition

Discussion of

The effect of the radiating gases— —
slightly more .ofthe lower-ten@erature

Furbine
Afterburnerwheel

:aslng
gases

I

435 I
435 I 120

2C80 I 610

Computtig hr was
II.

Results

Radiant-
heat-
transfer

coefficient,

%

2.1

4.4

3.6

13.5

16c@ F for

in the tail cone is to absorb
radiation from the tail-cone

surface to the blades than the gas emits to the blade. Thus, ifthe
gas radiation had been neglected the results would have been almost the
same. This indicates that, for a given gas teq.erature, at stillLhigher
altitudes the convection would decrease but radiation would increase
slightly.

The analysis corresponds to a gas turbine with a compression ratio
of 10 operating at sea level with a combustion gas temperature of 2500° F
(conditionsII and IIa) and operating at 25,000 feet with a combustion
gas temperature of 16cK)oF (conditionsI and Is).

It is interesting to note in figure 31 that, in order to el-te
the tendency for a “hot spot” at the leading edge of the rotor blade,
a wedge or sharp-leading-edgeprofile would be required. This iS in
opposition to the accepted procedure of increasing the radius of curva-
ture of the leading edge to suppress“ahot spot due to convection.

.
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The effect of the afterburning on the heat flux to the rotor blades
was smaller than expected. This was due mainly to the large distance
(1 ft) from the blade area to the beginning of the afterburning.

-.
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1.8 .41604 .38301 .35411 “ .32847 .30545 .%461 .26563 .23227 ● lfjgti
2.0 .45446 .41620 .38343 .35489 .32963 .30717 .28a7 .2G43 ;;~ ;I#&
2.5 .45450 .41643 .38399

.45452
.35595

.41653
.33138 .30%0 .29013

● 27255
3.0 .3425 .3564A .3321-7 .31077 .29171 .27460 .24503 .189d3
4.0 .45453 .41661 .38446 .35684 .33B3 .31174 .s306 .27636 .24774
6.o .45454

● 19X1
.4u65. .%457 .35705 .33318 .3H .%379 .27734

8.0 .45454 .41665
.24929 .19835

.33460 .35710 .33327 ;:12$ ;g&l .27759 .2@370 .lgg*
.0.0 .45454 .41666 .38J+61 .3.5732 .33330 .277@ .24984
?0.0 ● 45455 .41667

.19962
.38!61 .35714 .33333 .3124 .?24U

● 27’777 .24998 .19995
lQ.o-●45455 .41667 .38461

.45455
.35714

.41667
● 33333 .31250 .~412 .27778 ● 25m

.38462
.19939

m .35714 .33333 .31250 .q41.2 .27’778 .25030 .20000



I

I

I

.

3.0
L

0.1 O.oc$fn
.2 .01967
.3 .0233
.4 .03866
.5 .04TT?
.6’ .05642
.7 ● 06469
.8 .07253

1.0 .@3678
1.2 .c9g14
1.4 .109G3
1.6 .u858
1.8 .12603
2.0 .13224
2.5 .14356
3.0 .15074
4.0 .151344
6.0 .16378
8.o :::g7
,0.0
0.0 .165.58
0.0 .16666
w .16667

TDIE 4.- Concluded

VAI$JE3 OF C~IGORMl!ION FACI!OR P-8 - Concluded

U
0)

I I
4.0 5.0 6.0

1.00503o.co305 0.00205
.01004 .o@09 .00409
.01501 .ocg12 .CM%13
.01992 .0121.3 .#316
.02475 .01511 .O1OU3
.034’9 .01806 .03,a8
.03412 .02c97 .01417
.03863 .02383 .01613
.04723 .02940 .Olm
.05522 .03k73 .02374
.0657 .03979 .02736
.06927 .04457 .03085
.07531 .04906 .03419
.0s074 .05324 .03737
.@184 .06239 .04461
.10001 .06980 .05Q84
.U036 .a904a .06052
.U915 .09097 .07176
.= .09546 .07703
.12348 .09744 .07963
.12479 .0!3963 .0@76
.12%7 .09995 .C83%
.125w .looco .09333

7.0

.00147

.90294

.00440

.c@37

.CQ732

.(20977

.01021

.0n63

.01445

.01722

.01991

.02254

.025c8

.02753

.03326

.03838

.046a2

.05773

.06349

.06557

.07062

.07132

.07143

8.0

I
10.0

I
30.0

).00121. o.ccm69 0.00030 o.m17 o.ocno7
.m221 .00138 .00060 .02033 .ciK)15
.00332 .w=8 .00090 .m50 .om22
.00442 .W27-7 .OOU9 .00066 .m2g
.00552 .00346 .cm14g .00093 .om36
.00661 .(X)414 .co179 .00099 .00044
.00770 .00483 .oo2cg .OOU6 .m51
.OG378 .00551 .~239 .00132 .m.%
.01093 .00697 .00238 .00165 .m73
.01304 .00922 .00357 .00198 .oo@7
.01512 .00955 .00416 .00231 .00102
.01715 .01086 .00474 .c@64 .00116
.01914 .0U6 .00532 .W297 .00130
.02107 .01343 .00590 .cm329 .00145
.02566 .01651 .00732 .OQ41O .00181
.oz987 .o1943 .Oo$Tl .00489 .00=6
.03710 .024TL .0U36 .co645 .coB7
.04723 .03297 .01609 .00935 .cmk4
.05314 .03855 .01996 .01193 .00554
.05655 .04219 .02301 .01416 .00675
.06143 .o&36 .03025 .02077 .01.132
.@35 .0476 .03278 .Opbg .01503
.062xl .05000 .03333 .02500 .01667

T

40.0

.00004

.00008

.00012

.00016

. 0CW4

. mlz$

.cKM32

.(XX341

.0004g

.cm57
● 00065
.00073
.Oml
.00101
.00121
.00161
.00240
.00316

.cm39

.00597

.01031

.01250

I

I



TAELE.5

VALDE9 OF CONFIGURATION FACTOR P-9

I

D

\L

0.1
.2

.3

.4

.5

;:

1.0
1.2
1.4
1.6
1.8
2.0
2.5
3.0

:::
8.o
,0,0
0,0
0.0
m

1.1

).ol@7
.01937
.02572
.03046
.03398
.036&o
.03856
.04002
.04198
.04313
.04392
.04430
.04461
.04481
.04511
.04525
.04537
.04543
.04544
.04545
.04545
.04545

.04545

1.2

0.01428
.02624
.03618
.04438
.051.12
.05662
.061J2
.064P
.07023
.07389

.07639
,.07813
.07935
.09024

.ci3157

.cx3225

.(!W34

.a3318

:%$

.09333

.@3333

.C$333

1.3

3.01589

.02375

.04176

.052U

.06101

.c696~

.07511

.09064

.c8936

.IW567

.10028

.10366

.10616

.mm

.lJ_lo2

.1.1262

.U41O

.11497

.11521

.11529

.11537

.11538

.115213

1.4

0.01669
.03159
.04483
.056%
.06690

.07599

.ci3397

.Wm5

.10239

.I.lllo

.11775

.12283

.12675

● W77
.13477
.1376b
.14033
.14203
.14249
.14267
.14283
.14285
.14a96

1.5

3.01703
.032@
.04645
.05934
.07035
.a304a
.09954
.09762
.IxL22
.LZL98
.13046
.13716
.14247
.lw

.15390

.15817

.16441

.16525

.166i)4

.16634

.16663

.1666
● 16667

1.6

0.01710
,03280
.04717
.06028
.07223
.08308
.V3292
.10IB2
.11711

.l’?355

.13962

.14778

.15440

.15976

.16925

.17509

.18u7

.18531

.18652

.18698

.18743

.18750

.18750

1.7

3.01700
.03274
.04730
.06072
;g3&7

.03479

.10411

.12cB9

.13463

.14610
;15554
.16334
.16979
.1815@
.18895
.19702
.2Q273
.20445
.2Q512
.20578
.20%7
.=

1.8

101679
.032h6
.04705
.06062
.07320
.09485
.09562
.10555
.12314
.13801
.15055
.161w9
.16995
.17738
.1912J.
.2LXP’7
.21043
.217’91
.z?024
.22117
.22209
.22220
.22222

2.0

0.01620
.03149
.04599
.05+4
.07a6
.ck94@
.03526

.10570

.12457

.14096

.15915

.16741

.17798

.18709

.20470

.21@6

.23132

.24281

.24662

.2U17

.24975

.24S7

.25000

D

!5?
m

12.5

0.0144-6
.02833
.04163

.05435

.06552

.07814

.09924

.09982

.11952

.13735

.15345

.16796

.18100

.19271

.21692

.23526

.25970

.‘a3249

.@124

.29510

.?3930

.29991

.30000



I

I

TAME 5.- Concluded

VA.UJE2 OF CONFIGURJITION FACTOR P-9 - Concluded

3.0 4.0 5.0 6.o 7.0 8.o 10.0 15.0 20.0 30.0 40.0

0.1 o.ola35 0.01037 0.0C19640.00739 o.cn645 0.00572 0.WJ166 0.00318 0.00242 0.00163 o.oQl-23
.2 .O*29 .om51 .o171k .01463 .01293 .01139 .00929 .00635 .00Q2 ● W3?5 ● ~246
●3 .03733 ,03042 .02548 .02187 .01913 . .01699 .01387 .0950 .00722 .oo~ ● ~3@
.4 .04896 .04010 .0336fl .02895 .0?535 .0=54 .01842 .01-263 .00961 .00649 ● @90
.5 .O&m ● 04955 .04173 .03593 .0135Q .02803 .0=94 ● 01575 .OU98 ●@lo .00612
.6 .07104 .05877 .04963 .04281 .03757 .0334’6..0274L .ol~5 ● 01435 ● ‘30971 “00734
.7 .0!3151 .0677’7 .05739 .04959 .04357 .03383 .03185 .02193 .01671 .01132 .@355
.8 .Gfm5a ● 07656 .O@xl .05625 .0494 .04414 .03625 .mm .01906 .0W2 ● 0W77

1.0 ; I-1-1$ .W34-6 .07X0 .015930 .OGH1 .05W .04494 .03109 .0237h ● 01660 .OW18
1.2 .10951 .@03 .09194 .07244 .06483 .05349 .03710 .0%37 .01928 ● 01459
1.4 .14473 .12474 .1077I, .09419 .08347 .074a3 .061m .04306 .03~7 ● 0=43 .01699
1.6 .17981 .13916 .l&394 ● 10605 .(@@o .0!3461 .07013 ,04894 .03753 ● 0557 ● 0193$
1.8 .17372 .15280 .13344 .11753 .1~5 .G9416 .07824 .w476 .04205 .o~69 .02176
2.0 .N36~ .16570 .14552 .x2863 .11482 .10349 .@3620 .06052 .04654 .03179 .02413
2.5 .21407 .19485 ● 17353 .15477 ● 13901 .12596 .10547 .07462 .05759 .03948 .03002
3.0 .23624 .~996 .19859 .17-a71 .I-6151 .14699 .12386 .Q9831 .06941 .04707 ● 03%5
4.0 .26819 .~~l .24.077 .22046 .20172 .18514 .15306 .U450 .@3937 .Q6193 ● 04733
6.0 .30196 .31c@ .29979 .233a .2652J- .24775 .21B2 ● 1= .UX357 .w42 .@9@
8.0 .3M5& .33663 .33554 .32500 .31O.5Q .8475 .26409 .204-02 ● 16428 ● 11730 .09W5
.0.0 .32367 .35113 .35730 .35264 .34244 .yz1358 .30166 .24033 .19G5 .14z’60 .W39

:“: .33187 .37@7 .39152 .40214 .40644 .40646 .39840 .3%56 .31543 .24698 .m47
. .33314 .37443 :g ● ~1 .42492 .43~2 .43956 .43680 ● 41888 .36970 .3=31
m .33333 .3m . .42557 .43750 .45000 .46667 .47500 .48333 .48750

“=s.=
.

,



“.. -.-,

I

I

‘l!A.mJd o

V- OF CONKKQRATION FACTOR P-10

(L&) lo ~ ~ ~ ~
@ 65 To ~ ~ ,m

L

o 0.00380 0.01503 0.03349 0.05849 o.c8930 o.u~o o.llA35 0.16450 0.18530 o.x%~ ().250W

.02 .00370 .01470 .03270 .05717 .0374A .I.2261 .14173 .16169 .18233 .20350 .24692

.05 .co336 .01415 .03151 .05520 .0946k .U904 .13782 .157h7 .17788 .19888 .24ZTU

.1 .03332 .01323 .0B54 .05195 .0%01 .11311 .13132 .15049 .17050 .19121 .23414

.2 .00X36 .Ollul .02572 .04561 .07097 .10151 .11863 .13690 .15601 .17613 .21859

.4 .00206 .0098 .01893 .03418 .05449 .c8015 .W@ .11134 .lx~ .14795

.6

.189ti

.00144 .00595 .01353 .O%ol .Ow .06218 .Omk .@9950 .1w63 .12345 .163%

1.0 .0W70 .OOH9 .00697 .01319 .oz?~ .03690 .0@24 .05743 .07073 .09634 .@cQ

2.0 .00316 .m66 .00162 .co329 .CQ616 .Ollzq .01534 .0294 .02876 .03962 .07379

4.0 .mo2 .W1O .cmo25 .mo53 .W104 .co~ .00306 .00463 ,00735 .01236 ● 03899

6.0 :ml .00C03 .oooa9 .CO017 .00033 .OGO@ .00102 .0016-0 .00272 .00515 .0262f3

10.0 0 .00001 .om2 .o@X14 .00307 .00315 .0CQ23 .olXJ38 .CYX@3 .00142 .01586

20.0 0 0 0 0 .OcQol .0CC02 .m3 .(MXQ5 .oLIKg .00020 .00795

.



TABLE 7

VA- OF CONFIGURATION FAOl?OR P-n

m
m I

I

.

10 2!2 30 40 50 60 65 70 75 80 w
L

o 0.250CXI o.25imo 0.25003 0.25JWI 0.25003 O.ZCCO o.25m 0.25CC’O 0.s030 “0.25W0 0.25003

.02 .21869 .23311 .23817 .2k@6 .24262 .24393 .244+9 .2kYx3 .245k8 .2@4 .24692

.05 .17452 .Xi321 .22056 .22722 .23160 .23k85 .23623 .23771 .23871 .23985 .242@

.1 .11511 ,.16932 .19214 .20492 .21345 .21995 .222% .2251.1 .22749 .22976 .23414

.2 .o.T315 .10714 .1414-5 .16333 .17883 .u3096 .196C!8 .20095 ,20555 .2998 .21858

.4 .OI.345 .04252 .07254 .Qx3a .1.a)67 .13982 .14863 .157C9 .16531 .17338 .18944

.6 .0W22 .01909 .03788 .058% .07963 .1C047 .U093 .12120 .13162 .1ti8 .16399

1.0 .oo1.39 .00556 .o12&) .02261 .03575 .05225 .06184 .07238 .fs3391 .@649 .1?!XX3

2.0 .0CQ20 .Mld32 .CQ2Q1 .Cdo3 .00744 .01330 .01775 .02371 ,03171 .04233 .07379

4.0 .omo3 .mu .Oooq .00056 .00110 .m221 .C0322 .00486 .00767 .0U276 .039s

6.Q .OCOO1 .oCmo3 .m .OCQ17 .CCQ34 .03070 .(XI104 .mI164 .CCP78 .00324 .02628

10.0 0 .00001 .00202 .0Q04 .oCmo7 .0W16 .cmo24. .CQ038 .0C@3 .m143 .01s36

20.0 0 0 0 0 .00CX31 .oimo2 .0CO03 .0CQ05 .Cal@ .03023 .00795

I

I

, 0 . ,



TABLE 8

VAHl%S OF CONFIGURATION FACTOR L-1

1.0 2.0 10.0
x

w

0.1 0.0031 0.0061 0.0115 0.0155 0.0203 0.0239 0.0249 0.02!9

.15 .m47 .0292 .0172 .0233 .0305 .035fl .0373 .0373

.2 .0062 .0122 .0228 .0309 .0405 .0475 .0495 .0495

.3 .C092 .0181 .0337 .0456 .0599 .0704 .0734 .0734

.4 .012U .0236 .0440 .0597 .0784 .0923 .0962 .0963

.6 .0171 .0336 .0626 .0951 .1122 .1325 .1384 .1%5

.8 .0213 .0419 .0784 .1067 .1412 .1675 .1753 .1754

1.0 .0248 .0483 .C914 .1247 .1656 .1974 ..2370 .2071

2.0 .0350 .0690 .I-37 .17’81 .2397 .29L2 .3c88 .3m

m .0498 .0981 .1857 .2572 .3536 .U72 .4975 .m

—



64 NACATN 2836

-9

vAum OFcuEK20PATlcmFN71caL2 .

0.0s 0.1 0.2 0.4 0.6 Lo 2.0 4.0
L

& 1 1

0.93301
.91eQJ

o
.02
.05
.1

0.93W1
.833JS5
.WO.9
.@%%
.Qzm
.m
.QY334

0.93301
.89271
.779?2
.Xmo

%tJ

L93W1
.gt&2
.86670
.76333
.345W
.03X4
.C.W3@
.mlw

.%.317

.8Tu8

.&agl

.7%62

.66467

.*

.36%9

.XrprI

.14171

.C83?a

.cIa96

.m

.8’(U9

.8a53

:%%
.-
.%m
aim
.143X

:%5

.2

.4

.6
1.0
2.0
4.0
6.0
10.0
m.o [

).’mm
.72378
.63304
.64303
.9709’7
.46451
.973s
.a9402
.16BJ
.07g11
.04635
.Olml
.07224

Lm
.*
.69254
.61ub2
.54502
.403U

am
.7=3
.6%%2
.64015
3373
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.-1
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I

I

I

D
1.1 1.2 1,3 1.4 1.s 1.6 1.7

L

0.2 0.5790.365 0.2500.1830.141O.m 0.C92

.4 .@ .5% .@ .318 .a .W .174

.6 .783 .623 .~l .4G3 .339 .a34 .241

.8 .814 .671 .Tg .469 .398 .341 .*4

1.0 .833 .702 .596 .510 .441 .333 .335

1.2 .845 .723 .623 .91 ,473 .415 .367

1.4 .8s4 .738 .643 .963 .497 .441 .393

1.6 .861 .m .655 .X1 .X6 .461 .43.3

1.8 .066 .m .670 .595 .532 .477 .430

2.0 .873..7G .6% .&% .544 .@l .444

3.0 .3a3 .-@ .-l@ .641 .534 .>34 .493

4.0 .&@ .8U0 .&4 .6!J9 .6J4 .556 .31.3

6.0 ,896 .8u .739 .678 .625 .578 .Z-9

8.0 .@ .816 .747 .@7 .635 .m .Zo

,0.0 .501 .8aI .ml .692 .& .597 .5%3

d .903 .833 .769 .714 .667 .@ .%3

TA.Bm 10

1.8 2.0 2.5 3.0 4.0 5.0 6.0 7.0 8.0 10.0 ~.o 20.0 30,0 40.0

.~ 0.0570.03 o.a20O.o1o0.0W5 O.cd 0.003O.cm 0.001 0.0010 0 0

.148 .I.lo .C41 .039 .OaI .Ou? .@ .OC4 .C04 .co3 .001 ,0010 0

.a7 .157 .Qo .053 .030 .010 .012 .003 .007’.C04 .0a2 .0010 b

.Zy4 .1$18 .U6 .076 .039 ,024 .016 .012 .c@ .006 .cce .cm .0210

..35 .= .140 .032 .049 .033 .02a .015 .011 .037 .co3 .C@ .0310

.326 .asl .161 .1C8 .0!53 .036 .024 .017 .OI.3.@ .004 .l_x32.W1 o

.351 .a35 .1.80.123 .C& .041 .@ .023 .o15 .O1o .W4 .CQ2 .c@l .ml

.372 .3W .~97 .136 .077 .047 .032 .023 .017 .01.1.005 .003 .001 ,.cal

.390 .322 .212 .149 .@92 .052 .035 .026 .OZ .012 .Oc$ .003 .031 .ml

.Wl .337 .% .159 .U30 .057 .039 .028 .022 .014 .cm6 .m3 ccl .W1

.451 .396 ..272:2.)1 la. .On .@ .041 ,031 .02c .c@ .co5 .CXJ2.cml

.476 .4U .ml .a .143 .W7 .070 .072 .042 .0% .Ou? .007 .003 .032~

.yZ2 .440 .331 .260 .172 .122 .En .o~o .055 .O?J .017 .010 .@ .W2
.

.515 .495 .348 .2j”7.W .m ,106 .ch93.057 .046 .022 .OI.3.005 .m3

.523 .464 .359 .239 .X1 .m .=6 >022 .075 .0s3 .025 .m.5 .037 .004

.5% .W .@J .333 .@ .~ .167 .143 .125 .100 .067 .oy3 .033 .c@

=@’=



I
I

wD 1.1 1.2 1.3
L

0.2 ,Oa O,oa 0.031

.4 .036 .050 .057

,6 ,047 .067 .079

.8 .@ .091 .c96

1.0 .@% .@l .l.u.

1.2 .C64 ,101 .X24

1.4 .067 .lca .134

1,6 ,070 .114 .143

1.8 .072 ,U8 .154

2,0 .074 .123 .197

3.0 .m .@ .178

4.0 .092 .143 .190

6.o .G35 .151 .203

8.0 .036 ,155 .210
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Figure l.- Geometv for radiant interchange between two plane point sources.
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Figure 2.- Geometry of configuration P-2.
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(a) Integration with respect to x.

.

.

.

(h) Integration with respect to z.

Figure 3.- Geometry of configuration L-2.
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Figure 1.- Illustration of Nusselt’s geometric titerpretation
configuration-factorequation.
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Figure 5.- Eckert’s optical projector.
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Figure 6.- Purdue University mechanical integrator.
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